To examine geographical variation in oceanographic forcing on larval delivery, we studied spatial and temporal variability in larval recruitment of mussels and barnacles in a key oceanographic region around Santa Cruz Island, California. Larval recruitment patterns differed among sites located on the eastern and western shores of the island associated with differences in oceanographic regimes. Western sites had low but variable sea surface temperatures, whereas eastern sites were warmer (1-1.5ЊC higher) and less variable. Larval arrival was extremely low at western sites relative to eastern sites. Mussels and barnacles differed in the duration and seasonality of larval recruitment. Mussel recruitment occurred over a long period between winter and summer, whereas barnacle recruitment occurred in pulses in spring-summer. Mussel recruitment was not correlated with sea surface temperature anomalies, whereas barnacle recruitment was significantly and positively correlated with temperature anomalies, with time lags ranging from 0 to 3 months across all sites. Oceanographic and larval recruitment patterns suggest that western sites are dominated by an energetic flux of cold, recently upwelled water depleted of larvae, whereas eastern sites receive high numbers of larvae associated with the influx of warmer surface water, likely originating outside the Santa Barbara Channel.
Persistence of marine populations with planktonic development depends on the recurrence of circulation processes suitable for delivering larvae back to adult habitats (Shanks 1995; Caley et al. 1996) . Although a wide range of larval transport processes have been examined, upwelling and downwelling circulation are among the more intensively studied processes in temperate coastal habitats (Connolly et al. 2001; Garland et al. 2002) . These mesoscale circulation processes are the dominant sources of variability in many nearshore habitats (Largier 2002) . Upwelling delivers cold, nutrient-rich seawater to the surface layers, whereas downwelling sinks surface water and its biota to deeper ocean layers. Larvae entrained in the surface layer are hypothesized to be swept offshore by Ekman transport, where they can be collected in offshore frontal regions (Roughgarden et al. 1988; Menge et al. 1997; Poulin et al. 2002) . Onshore transport can take place through the shoreward movement of the bottom layer during upwelling or by onshore advection of the coastal front during relaxation (downwelling) events (Wing et al. 1995; Grantham 1997; Shanks et al. 2000; Poulin et al. 2002) . These cross-shore patterns of movement can also be coupled to alongshore transport by a number of means (e.g., during the relaxation process [Wing et al. 1995] or through the alongshore advection component of meandering coastal jets), which might play key roles in connecting distant populations.
Although connections between oceanographic forcing and larval transport are typically studied at a single location, there is growing recognition that these connections can vary greatly among locations. Spatial variability in transport processes bears large implications for persistence of coastal benthic populations (Wing et al. 1995; Grantham 1997) , the management of marine resources, and the design of marine reserve networks Kinlan and Gaines 2003) . Latitudinal variation in the intensity of coastal upwelling, or the frequency of relaxation events, has been suggested to determine geographical patterns of abundance of benthic invertebrate populations in the northeast Pacific (Connolly and Roughgarden 1998; Connolly et al. 2001) . The nearshore region of the U.S. West Coast along Washington and Oregon experiences markedly seasonal upwelling with frequent relaxation events. South of the California-Oregon border (Cape Blanco, 42ЊN) and along much of the central California coast, the occurrence of upwelling-favorable winds intensifies and relaxation events become less frequent (Huyer 1983; Strub and James 2000) . At Point Conception, California, the coast changes from a north-south orientation, along which wind-driven upwelling predominates, to an east-west orientation, along which other mesoscale circulation processes are important. In this region south of Point Conception, strong westward flow in late summer drives a counterclockwise eddy in the Santa Barbara Channel. The spring months are typified by eastward flow, strong upwelling, and brief current reversal events (westward flow) resulting from relaxation from upwelling (Huyer 1983; Hickey 1992) . Thus, this coastline is characterized by two sharp oceanographic transitions that should alter patterns of larval recruitment: Cape Blanco and Point Conception.
The predicted consequences of oceanographic transitions on larval recruitment have generally been borne out for the region from Washington to central California. The recruitment of several filter-feeding invertebrates with planktonic larvae is dramatically higher along the Washington-Oregon coast than in north-central California (Connolly and Roughgarden 1998; Connolly et al. 2001) . The transition between these two recruitment regimes is abrupt, and the temporal dynamics of recruitment at sites within the region are generally consistent with the hypothesized role of variation in upwelling dynamics as a key driver (e.g., Farrell et al. 1991; Wing et al. 1995) . By contrast, little is known about the patterns of larval recruitment in the neighborhood of the other sharp oceanographic transition at Point Conception.
Here, we explore the associations between oceanographic variability and larval recruitment patterns in the region just south of Point Conception. We focus on Santa Cruz Island, California, which lies southeast of Point Conception and at the center of a highly oceanographically mixed and biogeographically diverse region. The location of the island at the center of this region provides an ideal opportunity to examine hypotheses regarding oceanographic forcing of larval recruitment. The abundance of benthic invertebrates and algae are correlated with a gradient in sea surface temperature around the island, and a tight relationship between adult abundance and larval supply suggests that invertebrate populations on the island are recruitment limited (Blanchette et al. unpubl. data) . To evaluate the strength of oceanographic forcing on larval recruitment, we examine the spatial and temporal relationships between patterns of larval recruitment and sea surface temperature around Santa Cruz Island.
Methods
Physical setting-Santa Cruz Island is the largest of the Northern California Channel Islands and is located in a region of high oceanographic variability in the Santa Barbara Channel. A persistent thermal gradient exists along the channel, with higher sea surface temperatures in the southeastern portion associated with the influx of warmer subtropical water and the topographic deflection of equatorward, upwelling-favorable winds at Point Conception in the northwestern opening of the channel (Hickey 1992; Winant et al. 2003; Otero and Siegel 2004) . The northwestern part of the Southern California Bight experiences much colder conditions because of the intense advection of cold water from the nearby Point Conception and Point Arguello upwelling centers (Hickey 1992; Winant et al. 1999; Winant et al. 2003) . Over the course of a 5-yr study, we surveyed mussel and barnacle recruitment patterns at six sites around Santa Cruz Island ( Fig. 1 ): three sites on the northwest shore of the island (Fraser, Forney, and Trailer), two on the southeastern shore (Willows and Valley), and one on the northeastern shore (Prisoners). The number and locations of sites were limited by accessibility and other logistical constraints, and sites were selected to be as similar as possible in terms of geomorphology, wave exposure, and habitat type.
Patterns of larval recruitment-Using larval collectors placed in the rocky intertidal zone of each site, we monitored recruitment of two important genera of intertidal invertebrates: mussels (Mytilus spp.) and acorn barnacles (Chthamalus spp.) We present data for all sites for barnacles from January 1997 to February 2000 (n ϭ 38) and all sites except Forney for mussels from March 1996 to September 2000 (n ϭ 55). Mussel recruitment rates were quantified with the use of standardized plastic mesh ball collectors, or Tuffys, whereas barnacle recruitment rates were quantified with the use of ceramic plates (10 ϫ 10 cm; Menge et al. 1997) . Five replicate collectors were fastened to the rock in the midzone of each site and replaced roughly every 2-3 months. In the laboratory, mussel recruits were detached from the mesh and counted, whereas recently metamorphosed barnacles and cyprids were counted directly on the plates under a dissecting microscope. Mussel recruitment rates were standardized to number of individuals per Tuffy (ϳ100 cm 3 ), barnacle recruitment rates were standardized to number of individuals per plate (100 cm 2 ), and both are expressed as monthly averages of the number of individuals per collector per day.
For a compact visualization of data, we used ordinary kriging to interpolate patterns of larval recruitment in time and space. Kriging is an exact interpolator (i.e., it preserves the original data), allowing the use of empirical decorrelation length scales in the interpolation (Deutsch and Journel 1998; Kyriakidis and Journel 1999) . We calculated temporal and spatial length scales from the larval recruitment geographic time series. Temporal scales ranged from 1 month for barnacles to 2 months for mussels, and spatial scales were approximately 20 km for both groups. We limited the interpolation to the region where most of our sites were located, westward from Prisoners Harbor (Prisoners), southward around the western end of the island, and eastward to Valley Anchorage (Valley; Fig. 1 ).
Remote sensing of sea surface temperature-We characterized oceanographic conditions through spatial and temporal patterns of sea surface temperature from the Advanced Very High Resolution Radiometer (AVHRR) with a nominal resolution of 1.1 km averaged over 5 d. The data set examined here comprises 438 observations spanning 6 yr, from January 1997 to December 2002. From the AVHRR data set, we selected pixels corresponding to the location of our field sites and averaged the first three cross-shelf pixels to obtain a time series with 80-97% of valid observations. Cross-shelf averaging was imposed to improve temporal coverage; missing pixels were common in the nearshore.
Statistical analyses-We used the temporal autocorrelation function of AVHRR sea surface temperature as an index of changing oceanographic conditions. The time-lagged autocorrelation function indicates how observations located at increasing intervals of time become dissimilar (Legendre and Legendre 1998) . Preliminary analyses showed that individual time series of sea surface temperature anomaly followed a clear geographic pattern. On the basis of this spatial pattern, we grouped temporal autocorrelation estimates into eastern and western regions to test for first-order differences in temporal variability between regions. These differences were examined after removing annual and semiannual harmonics to generate time series of sea surface temperature anomalies. We examined differences between regions using temporal autocorrelation estimates with a lag of 5 d (from AVHRR temperature averaging) for individual time series with an analog of the two-sample Student's t statistic (Buishand and Beersma 1993) . Similarly, temporal autocorrelation functions were plotted with the average of the autocorrelation estimates for individual time series at each lag for each region. To test the hypothesis of a time-lagged dependency of larval recruitment with sea surface temperature, we computed monthly averages from the 5-d temperature data and calculated the cross-correlation between larval recruitment and both the lagged monthly sea surface temperature and sea surface temperature monthly anomalies for each location. Monthly anomalies were calculated by subtracting the long-term mean for each month. Significant correlations were estimated with the Bonferroni correction for multiple comparisons (␣ ϭ 0.05), adjusting the degrees of freedom for the number of comparisons at each lag (Legendre and Legendre 1998 ).
Results
Oceanographic regimes-A large thermal gradient between western (Trailer, Forney, Fraser) and eastern (Prisoners, Valley, Willows) sites is evident in the long-term mean sea surface temperature around the island (Fig. 2) . East-west sea surface temperature differences ranged between 1ЊC and 1.5ЊC, with the coldest and the warmest sites lying less than 40 km alongshore (Trailer and Valley, respectively). The spatial pattern of sea surface temperature was particularly striking during the strong 1997-1998 El Niño event, in which the magnitude of the east-west thermal gradient persisted (not shown) regardless of the regional depression of the thermocline registered during the event (Bograd and Lynn 2001) . High temporal autocorrelation of sea surface temperature suggests that the thermal gradient might be linked to contrasting oceanographic regimes around our study sites. Sites located on the eastern side of the island appear to experience thermal fluctuations over different time scales than sites located on the western end of the island (Fig. 3) . Temporal autocorrelation of sea surface temperature anomalies at a lag of 5 d across the western sites was significantly different from the eastern sites (p ϭ 0.0025, n ϭ 4, t ϭ 5.5826).
Patterns of larval recruitment-Patterns of larval arrival differed greatly between western and eastern sites. The former collected small numbers of larvae, whereas the latter received almost all the larvae collected over the course of the study (Fig. 4) . The spatial differences in magnitude were accompanied by differences in temporal patterns. Western sites received larvae in constantly low numbers, whereas eastern sites received a few large pulses of larvae. Larval recruitment events showed distinct temporal and spatial patterns between groups. Mussels showed a seasonal pattern in which recruitment lasted 4 to 6 months and occurred between winter and summer (Fig. 4b) . Barnacle larvae arrived in pulses lasting from 1 to 3 months and were concentrated in a narrow season between spring and summer. Distinct recruitment events for both groups were observed only on the eastern sites (Fig. 4a) . The largest event for mussels occurred at the northeastern site (Prisoners) during winter 1998. The largest events for barnacles took place in two successive pulses during summer 1997 in the two southeastern sites (Willows and Valley).
Oceanographic forcing of larval recruitment-Cross-correlation of rates of larval recruitment and monthly mean sea surface temperature showed differences across island sides and between mussels and barnacles (Table 1) . Barnacle recruitment showed an immediate and coherent geographic response to positive changes in temperature (Table 1 , Barnacles). Almost all sites responded to thermal variability and showed maximal significant correlations with the sea surface temperature at lag 0, at 1 month before (lag 1), and even 2 months before (lag 2). The only site that did not exhibit significant cross-correlations (Willows) was still positively correlated to temperature. Mussel recruitment showed a heterogeneous thermal association across the island (Table 1, Mussels). Significant positive correlations with sea surface temperature were observed at lag 0 only at sites on the western end of the island, where larval recruitment was lowest when the thermal gradient across the island was minimal. Arrival of mussel larvae was not significantly correlated to Table 1 . Cross-correlations of larval recruitment rates with raw sea surface temperature and sea surface temperature anomalies from the annual cycle. The lagged sea surface temperature corresponds to the mean monthly temperature for the same month, 1 month or 2 months before the observation of larval recruitment rate. All Bonferroni-corrected significant correlation coefficients are indicated in boldface (p37 Ͻ 0.0167 for barnacles and p54 Ͻ 0.0167 for mussels, n.d. ϭ no data). 
Discussion
Our results document the existence of a steep gradient in larval recruitment and oceanographic conditions between the eastern and western shores of Santa Cruz Island. Eastern sites experienced higher rates of larval recruitment of barnacles and mussels than western sites. This gradient in larval recruitment was associated with a thermal gradient across the island. Western sites were subject to cold and variable water temperatures relative to eastern sites, where warmer temperatures persisted longer. Sites located on the western shore of Santa Cruz Island likely experience the persistent influx of cold, recently upwelled water from below the euphotic zone that is apparently devoid of larvae. Sites on the eastern side of the island received the regular influx of warm water potentially rich in larvae.
Across the island, larval recruitment occurred in distinct events distributed across space and time. Barnacle larvae tended to settle in events that were well localized in time and spread in space, whereas mussel larval recruitment was widely distributed in time and very localized in space. During May-September 1997, a similar geographically widespread peak in barnacle recruitment was reported for central California (Connolly and Roughgarden 1999) . The concomitance of this and the Santa Cruz Island recruitment events documented here suggest that our observations of synchronous recruitment of barnacles across the island shores (ϳ40 km) might extend across longer distances (ϳ200 km).
The differences in larval recruitment patterns between barnacles and mussels are also reflected in their contrasting responses to sea surface temperature. Barnacle recruitment was strongly and positively correlated to temperature at lag 0 and up to 2 months before as larval recruitment peaked in late summer. Moreover, significant correlations with temperature anomalies at lag 0 at almost all sites hint that barnacle recruitment events might be associated with intrusions of warm water masses. Mussel recruitment only showed a significant response to lag 0 temperature at the low-recruitment sites because the largest larval recruitment events recorded at those locations took place during a narrow window in summer months. The association between mussel recruitment and temperature disappeared when mussel recruitment was correlated to temperature anomalies, suggesting that mussel recruitment events might not be correlated to warm water intrusions. The different responses to monthly patterns of sea surface temperature across larval groups suggest a connection between oceanographic regime and larval biology. The larvae of chthamaloid barnacles remain in the water column for up to 3-4 weeks and have an extended competency period, whereas the larvae of Mytilus californianus, the dominant intertidal mussel, spend approximately only 9 d in the plankton (Strathmann 1987 ). This dichotomy is enhanced by adult reproductive behavior. Barnacles show a markedly seasonal spawning, whereas mussels spawn yearround in Southern California (Hines 1978 (Hines , 1979 . As in our study, larvae from mussels tend to arrive heterogeneously in space and time and have not been successfully related to particular oceanographic mechanisms elsewhere. Our interpretation of this pattern of recruitment variability around Santa Cruz Island is that eastern sites receive a large influx of larvae advected from distant populations, possibly from the mainland coast. The western sites might receive larvae only associated with seasonal intrusions of warm water and a reduction in the east-west thermal gradient, although no clear relationship was detected in the cross-correlation analyses. Barnacle larvae arrive at all island sites synchronously and in larger numbers because of the seasonal release of larvae by adults and possibly because of their accumulation in oceanographic features through their long planktonic period. The end of the summer, the only period when larval recruitment was observed in the western sites, corresponds to the period when stratification in the Santa Barbara Channel is maximal. Stratified conditions have also been related to favorable oceanographic conditions for larval delivery through internal tidal bores in a number of locations around the world (Pineda 1991; Vargas et al. 2004 ). Alternatively, larvae can be delivered to shore by wind transport (McQuaid and Phillips 2000; Garland et al. 2002) associated with poleward flow events during summer months (Hickey et al. 2003) .
The intensive oceanographic field studies in the Santa Barbara Channel over the past 20 yr provide support for results and interpretations of oceanographic conditions that here we derived exclusively from remote sensing information (Winant et al. 2003) . Our study suggests the possibility of linking remote sensing assessments of sea surface temperature dynamics to coastal ecology, particularly when deployment of instruments in the field is logistically difficult. Currently, the California Channel Islands are a test piece for the development of marine protected areas (Airame et al. 2003) . This marine management problem stresses the critical need for the objective assessment of oceanographic regimes promoting larval delivery to benthic habitats. One important conclusion from this study is that spatial variability in larval recruitment of intertidal invertebrates around Santa Cruz Island is associated with variability in the temporal dynamics of sea surface temperature. Consistent with the results from other studies along the U.S. West Coast, we find that recruitment of species with planktonic larvae, and ultimately population abundance, could be limited in areas of persistent upwelling, even where upwelling is relatively weak.
